Introduction: Several neuroimaging studies have suggested that patients with chronic primary insomnia (CPI) exhibit anatomical and functional alterations of the brain, but the temporal regularity in spontaneous neuronal activity remains unknown. Here, brain entropy (BEN), a data-driven method used to measure the signal regularity of a time series, was applied for the first time to investigate changes in the entire brain at the voxel level. 
| INTRODUCTION
Chronic primary insomnia (CPI) is defined as chronic difficulty in falling asleep or maintaining sleep or as nonrestorative sleep accompanied by significantly impaired daytime functioning in the absence of a specific physical, mental, or substance-related cause (Benca, 2005) . Insomnia affects 6%-20% of the general population and is associated with a variety of physical and psychiatric disorders (Benca, 2005) . However, the underlying neural mechanisms remain largely unknown and have attracted much attention.
Recent structural neuroimaging studies have suggested the presence of anatomical alterations in primary insomnia, particularly in the hippocampus (Hipp) (Riemann et al., 2007) , anterior cingulate cortex (Winkelman et al., 2013) , and orbitofrontal cortex (OFC) (Altena, Vrenken, Van Der Werf, van den Heuvel, & Van Someren, 2010; Joo et al., 2013) . Functional neuroimaging has also revealed abnormalities in cognitive and emotional processing in patients with primary insomnia (Drummond et al., 2013; Killgore, Schwab, Kipman, Deldonno, & Weber, 2013) . For example, decreased functional connectivity between the amygdala and the insula, striatum, and thalamus suggests the existence of insomnia-related dysfunction in the emotional circuit (Huang et al., 2012) . In addition, functional magnetic resonance imaging (fMRI) has provided more evidence to support the hyperarousal theory in insomnia, which states that increased functional connectivity between the amygdala and the motor cortex (Huang et al., 2012) as well as the superior parietal lobe (SPL) and the premotor/supplementary motor cortex (SMA) demonstrates compensatory psychomotor performance (Huang et al., 2012; Li et al., 2014) and increased anterior insula coactivation with salience networks that are involved in the hyperarousal state (Chen, Chang, Glover, & Gotlib, 2014) . In insomnia patients, cerebral functional reorganization or plasticity that is secondary to structural damage has been accepted as an important disease mechanism (Chee, 2013; O'Byrne, Berman Rosa, Gouin, & Dang-Vu, 2014; Stoffers et al., 2014) . However, the brain is a dynamic intrinsic connectivity network. It is a spatiotemporal continuum that involves both spatial and temporal patterns. The spatial patterns of intrinsic activity in patients with primary insomnia have been evaluated in terms of functional connectivity, as in the abovementioned resting-state fMRI (rs-fMRI) studies (Chen et al., 2014; Huang et al., 2012; Li et al., 2014; O'Byrne et al., 2014) . However, it remains unclear whether the temporal patterns of neuronal activity are altered in CPI patients, and the distribution of intrinsic networks in the regions with altered temporal patterns is unknown. This knowledge may improve the understanding of the mechanisms of impaired neural function in this disorder.
Entropy is a statistical index that measures the activity irregularity of a dynamic system, and higher entropy indicates increased activity randomness in a system, making it less predictable. Brain entropy (BEN), a data-driven voxel-based sample entropy approach used to characterize brain temporal dynamics as a key feature, may provide a physiologically meaningful approach to assess the dynamic status of intrinsic activity in temporal patterns (Bassett, Nelson, Mueller, Camchong, & Lim, 2012; Bergstrom, 1969; Singer, 2009; Wang, Li, Childress, & Detre, 2014) . The relatively lower BEN in the neocortex may reflect the "higher" mental functions performed by the cortex or more coherent neuronal population behavior . Neurophysiological electromagnetic studies argue that neural rhythms or regular activity could offer distinct and adapted computational solutions in various aspects of perception and cognition, such as long-distance communication across brain regions, segmentation of sensory input, and memory (Arnal & Giraud, 2012; Rakic, 2009 ).
BEN provides a relatively new method to explore the complexity of brain fMRI dynamics as well as their alterations in disease . BEN-related estimators have been well established for studies of schizophrenia (Bassett et al., 2012; Sokunbi, Gradin et al., 2014; Sokunbi, Fung et al., 2014) , attention deficit hyperactivity disorder (Sokunbi, Gradin et al., 2014; Sokunbi, Fung et al., 2014) , drug abuse (Wang et al., 2013) , multiple sclerosis (Zhou et al., 2016) , and normal aging (Sokunbi et al., 2011; Yao et al., 2013) .
In this study, we aimed to explore insomnia-related BEN alterations in CPI patients during the resting state. We hypothesized that the irregularity of the time series based on BEN observations could affect the relevant functional connectivity. To test the above hypothesis in CPI patients, we compared resting-state functional connectivity (rsFC) in seed regions with altered BEN to those of healthy controls (HCs). In addition, within the CPI group, correlation analysis was conducted to evaluate the relationship between clinical variables and the BEN and rsFC values of abnormal regions (Fig. 1) . Together, these results could reveal brain activity abnormalities in temporal patterns and spatial connectivity patterns based on temporal correlations in patients suffering from chronic insomnia.
| MATERIALS AND METHODS

The Medical Research Ethics Committee and the Institutional
Review Board of the First Affiliated Hospital of Nanchang University approved the present study. This study was performed according to the approved guidelines and conducted in compliance with the principles of the Declaration of Helsinki. All subjects provided written informed consent for participation in this study.
| Participants
The CPI patients and the HCs were recruited from the local hospital and the community, respectively, between May 2012 and July 2013. 
| MRI data acquisition
Imaging was performed on a Trio 3.0 Tesla MRI system scanner (Siemens, Erlangen, Germany). Imaging data were acquired using the following sequences: (1) 240 rs-fMRI images were acquired using a standard T2*-weighted gradient echo sequence with the follow- 
| Rs-fMRI data preprocessing
Functional image preprocessing was performed using Data Processing Assistant for Resting-State fMRI, advanced edition, V2.3 (RRID: SCR_002372, http://www.restfmri.net) based on the Statistical Parametric Mapping software (SPM8, RRID: SCR_007037, http:// www.fil.ion.ucl.ac.uk/spm/software/spm8/) running on Matlab 7.14.0 (Mathworks, Natick, MA, USA). This preprocessing was performed with standard processing steps (Yan, Craddock, Zuo, Zang, & Milham, 2013) as follows. The first 10 images from each subject were discarded during data acquisition to eliminate magnetic saturation effects, and the remaining 230 images were corrected for slice timing and realigned for intervolume head motion. Subjects were included if their head movement was <2 mm of translation along any axis and <2° of angular rotation along any axis during the rs-fMRI scan. We also evaluated the group differences in head motion among CPI patients and HCs according to the criteria of Van Dijk, Sabuncu, & Buckner (2012) (Table 1 ). The high-resolution individual T1-weighted images were coregistered to the mean functional image after motion correction using a linear transformation, and the images were segmented into gray matter, white matter, and cerebrospinal fluid tissue maps as unified segmentation algorithm and a priori SPM tissue maps as reference. The coregistered T1-weighted images were then resegmented using the custom tissue templates as reference images. All functional images were then resampled to 3-mm cubic voxels and 6-mm spatial smoothing with a full-width half-maximum Gaussian kernel, linear detrending, and temporal band-pass filtering (0.01 Hz < f < 0.08 Hz) to eliminate high-frequency noise and low-frequency drift. Finally, the rs-fMRI data were subjected to temporal correction of nuisance covariates, including head motion, white matter, and cerebrospinal fluid, but lacked global signals as the covariantes (Smith, Yan, & Wang, 2014) .
| BEN analysis
Brain entropy mapping was performed with the brain entropy mapping toolbox (RRID: SCR_014470, https://cfn.upenn.edu/~zewang/ BENtbx.php) , which was calculated according to the sample entropy.
where N is the number of time points. Sample entropy starts by forming a series of embedded vectors that each has m consecutive points
and m is the predefined dimension; r is the prespecified distance threshold, and different r values (r = .3, .4, .5, .6, .7) were considered in this study; B m i (r) counts the number of u j (j = 1, to N − m, and j ≠ i) whose distances (Chebyshev distance is generally used, but any other distance can also be used) to u i are less than r, such that B m i + 1(r) for the dimension of m + 1. More detailed information is available in the original publication .
Each individual BEN map was registered into a standard brain space, subject to 6-mm full-width half-maximum smoothing and z-transformed with Fisher's r-to-z transformation for group-level analysis.
| Statistical analysis for BEN data
A general linear model analysis was performed with the SPM8 toolkit to investigate group differences in BEN between CPI patients and HCs after controlling for the effects of age and gender. The significance 
| Seed-based rsFC analysis of altered BEN regions
In rs-fMRI data preprocessing, after temporal band-pass filtering, an additional nuisance linear regression was performed using white matter, cerebrospinal fluid, a whole-brain signal, and six head motion parameters as covariates for a seed-based rsFC analysis. The seedbased rsFC analysis was conducted using Data Processing Assistant 
| Statistical analysis for demographic and clinical variables
The differences in demographic and clinical data between the two groups were analyzed using an independent samples t-test in SPSS 13.0. Differences were considered significant when P value was <.05. 
| RESULTS
| Clinical data and demographic profiling
The clinical and demographic characteristics of the study groups are shown in 
| Comparison of differences in BEN between CPI patients and HC
We generated voxel-wise BEN and further investigated the differences between the CPI and HC groups using rs-fMRI data. The results in the between-group differences were very similar, and they did not depend on the different prespecified distance thresholds (r = .3, .4, .5, .6, .7). Here, we report that the comparison of differences in BEN between CPI patients and HCs using the classical prespecified distance thresholds is r = .5. Other results from the comparison of differences in BEN using different prespecified distance thresholds are shown in Fig. S1 .
The BEN differences between the CPI patients and the HCs are shown in Fig. 2 and Table 2 . Compared with the HCs, the CPI patients displayed increased resting BEN in the right dorsal posterior cingulate cortex (dPCC), the left anterior midcingulate cortex (aMCC), the left OFC, the right frontal operculum/insula (fO/Ins), the right Hipp, and the right basal ganglia (BG) (pFWE correction, voxel level p < .0107
and cluster level p < .05 are shown in Fig. 2 ). Significant decreases in resting BEN were observed in the right postcentral gyrus (PoCG) and right temporal-occipital junction (TOJ).
Moreover, in CPI patients, a linear regression analysis revealed no significant relationship between clinical measurements (including PSQI) and altered BEN (p > .05).
| The rsFC differences in altered BEN regions between CPI patients and HCs
A one-sample t-test found that the rsFC patterns in all seed regions exhibited significant group differences in BEN between the CPI patients and the HCs (FDR corrected, p < .001) ( Fig. S2 and T A B L E 2 Brain areas with significant differences in BEN between CPI patients and HCs (pFWE correction, voxel level p < .0107 and cluster level p < .05) 
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| Correlations between rsFC values and clinical variables in CPI patients
In CPI patients, a linear regression analysis revealed that the rsFC between the left aMCC and the right SMA was negatively correlated with the duration of insomnia (p < .05, corrected) (Fig. 5) . In 
| DISCUSSION
To the best of our knowledge, this is the first study to investigate CPI-related alterations in BEN and their affected connectivity patterns using rs-fMRI. Three main findings were noted. (1) In this study, we further observed a decrease in the rsFC to the right dPCC in the right supramarginal gyrus/inferior parietal lobule (IPL) and right SMA regions (Table S2 ). During insomnia, one interpretation of the hypoconnectivity of the right dPCC is that a lack of suppression primarily leads to abnormal cognitive activity. Increased entropy accompanying the disconnection of rsFC has been reported in the DMN in patients with attention deficit hyperactivity disorder (Sokunbi, Gradin et al., 2014; Sokunbi, Fung et al., 2014) and aging (Yao et al., 2013) . It has also been reported that lower deactivation in the posterior cingulate cortex in insomniacs revealed a smaller increase in MR signals with increasing (N-back working memory) task difficulty (Drummond et al., 2013) . Sleep-deprived participants also exhibited abnormal deactivation in the posterior cingulate cortex and decreased rsFC in the DMN during visual attention tasks (De Havas, Parimal, Soon, & Chee, 2012) and working memory tasks (De Havas et al., 2012; Gujar, Yoo, Hu, & Walker, 2010) . In this study, the impairment of functional entropy of the right dPCC and the associated hypoconnectivity with certain regions of the TPN potentially serve as a candidate mechanism for the cognitive control deficits observed in CPI patients. We hope that future research can shed light on these hypotheses. comprises regions that are routinely activated during goal-directed task performance, and these regions were previously called the executive control network and salience network (Fox et al., 2005) .
| Disturbances in the TPN: increased BEN and distributed changes of rsFC
The OFC belongs to the executive control network and is associated with a wide range of sensory integration, emotion-and reward/ punishment-related cognitive processing function in decision making. A morphometry study revealed reduced gray matter volume in the left OFC that strongly correlated (r = .71) with the subjective severity of insomnia (Altena, Vrenken, Van Der Werf, van den Heuvel, & Van Someren, 2010) . In addition Stoffers et al. (2012) noted that low gray matter density in the OFC area affects its role in sensing comfort. Comfort may be crucial for maintaining sleep in insomnia patients. The left aMCC and the right fO/Ins belong to the salience network. Recent studies have demonstrated that the aMCC, as part of the "dorsal" anterior cingulate cortex, is a hub that contributes to negative effects, pain, cognitive control, and ongoing behavioral adaption (Shackman et al., 2011; Sheth et al., 2012) . In insomnia patients, an increase in the rostral anterior cingulate cortex volume and alterations in neurotransmission may relate to emotional dysregulation (O'Byrne et al., 2014) . It has been suggested that the fO and insula are key nodes in the network for exerting control over cognitive processes. The fO and insula also play a critical role in maintaining sleep (Baglioni, Spiegelhalder, Lombardo, & Riemann, 2010) , and increased insula coactivation within the salience network has been studied (O'Byrne et al., 2014) . Functional neuroimaging has also revealed abnormalities in these areas in participants with insomnia or sleep deprivation (Chen et al., 2014; Joo et al., 2013) ; however, the findings have been inconsistent among neuroimaging studies (Riemann et al., 2007; Stoffers et al., 2014) . In the present study, increased BEN in important nodes of the TPN indicates that the irregularity of neuronal dynamics is potentially associated with sensory integration and emotion-related information processing.
The above-mentioned morphological and functional studies provided a foundation for understanding increased BEN in the TPN in this study.
With the exception of the hypoconnection of the left OFC and right fO/Ins, we observed hyperconnectivity in this study, which indicates functional compensation for abnormal intrinsic activity in the OFC or right fO/Ins (Tables S1 and S2 , Figs 3 and 4) . In addition, we observed that a longer duration of insomnia was associated with rsFC between the left aMCC and right SMA. The aMCC is an important region of SMA functional connections (Stevens, Hurley, & Taber, 2014) , and these connection may be involved in coordinated unimanual motor behavior (Asemi, Ramaseshan, Burgess, Diwadkar, & Bressler, 2015; Shackman et al., 2011) . It is therefore reasonable to speculate that chronic insomnia could skew the integration of synchronous activity in control during basic motor behavior.
| Impairment in the Hipp and BG
The Hipp plays an important role in the consolidation of information from short-term to long-term memory and in spatial navigation. In this study, increased BEN and rsFC of the inter-right Hipp indicated a regional impairment of the Hipp and internal compensation in CPI patients. Patients with primary insomnia demonstrated significantly reduced hippocampal volumes (Riemann et al., 2007) , and a long duration of insomnia and poor quality sleep contribute to a decrease in the volume of the Hipp (Noh et al., 2012) . Similarly, poor sleep quality is associated with cortical atrophy in the Hipp of communitydwelling adults (Sexton, Storsve, Walhovd, Johansen-Berg, & Fjell, 2014) . Therefore, if hippocampal cortical atrophy also occurred in our patient population, the increased rsFC of the inter-right Hipp correlates with poor sleep quality (as indicated by the PSQI) in patients with insomnia.
The BG is associated with a wide range of functions, including control of motor function, cognition, and emotion (Draganski et al., 2008) .
In this study, increased BEN also indicated functional impairment in the right BG. Further rsFC analysis between the right BG and right SFG in CPI patients has also suggested that sleep quality is associated with inter-regional functional coordination due to the signal regularity of the BG in these patients.
| Decreased BEN in the PoCG and TOJ
In this study, we identified decreased BEN (implying regular activity) in the right PoCG accompanied by hyperconnectivity in the sensorimotor network. Killgore et al. (2013) found that augmented functional connectivity may contribute to the sustained sensory processing of environmental stimuli and potentially prolong the latency to sleep. Our findings may reflect the hyper-reactivity to a perceived threat in CPI patients that is consistent with the hyperarousal model in sustained sensory processing. Hyperactivity may prolong the latency to sleep in CPI patients (Killgore et al., 2013; Riemann et al., 2010) .
In addition, a significant reduction in BEN was also noted in the left TOJ in the CPI group. In particular, the left TOJ exhibited reduced rsFCs compared with the right SPL, middle occipital gyrus, subesophageal ganglion (SOG), cuneus/SOG, and right cerebellum posterior lobe (CPL). The TOJs are joint areas with multiple functions, including the extraction of physical features of complex visual images (Nakamura et al., 2000) . This reduced rsFC may reflect a general disruption of the complex visual information system in CPI patients and affect the modulation of visual tasks in individuals with insomnia.
| The relationship between BEN and conventional spatial pattern analysis
Cerebral neuronal activity is a dynamic system comprising spatial components and time courses. However, the available analytical tools for rs-fMRI data primarily examine spatial connectivity patterns. The other aspect of cerebral neuronal activity is temporal pattern analysis based on time courses, particularly signal regularity measures, and has largely been overlooked. In our study, the findings of a data-driven BEN approach provide a solution to temporal patterns based on bloodoxygenation-level-dependent time courses. Interestingly, most of the altered BEN regions in this study were associated with a wide range of processes. Therefore, BEN analysis expands and enriches the current understanding of CPI, which primarily stems from simple connectivity analyses that examine the functional alterations of spatial coherence.
Generally, the region with high complexity would be expected to show hypoconnectivity because it is harder to establish phase relationships, and the region with low complexity would show hyperconnectivity. In this study, however, we detected for BEN analysis, is reported in Appendix S1, while multiple time scale entropy (MSE), another entropy analysis of resting-state fMRI that is a reliable metric of the temporal dynamic analysis of rs-fMRI, is reported in Appendix S2.
| LIMITATIONS
Several technical and biological limitations in the present study must be acknowledged. The first limitation of this analytical technique is the possible influence of excessive daytime sleepiness on restingstate brain activity, which should be considered when interpreting our results. Second, we are aware that the sample size was too small to allow us to draw a definitive conclusion, and larger samples should be included in future studies. Finally, BEN mapping is still new in the literature, although it has exhibited promise in several clinical applications (Sokunbi, Gradin et al., 2014; Sokunbi, Fung et al., 2014; Wang et al., 2013 Wang et al., , 2014 . BEN calculations were based on sample entropy in this study, which has a prespecified distance threshold (r = .5 in this study) that potentially affected the estimated entropy but should not have affected the group-level entropy contrast. This lack of effect was supported by additional analyses with various different sample entropy parameters (Fig. S1 ).
| CONCLUSIONS
In this study, we observed that both BEN and its connectivity were altered in patients with CPI, indicating an abnormal BEN-related intrinsic functional reorganization or plasticity. This knowledge may improve our understanding of the comprehensive neurobiological mechanisms in treatment-naïve CPI patients and suggests that BEN is a useful measure to reveal changes in CPI's cerebral neuronal dynamics.
